M olecular magnets 1 offer intriguing features such as slow relaxation of magnetization, 2, 3 optical luminescence, 4 ,5 redox activity, 6, 7 and spin crossover. 8 Therefore, such molecules are promising building blocks for multifunctional molecular spintronics applications. 9, 10 To exploit molecular magnets they can be deposited in a monolayer or submonolayer coverage onto a suitable substrate. 11À13 This approach provides access to single molecules that could eventually be switched or read out by, e.g., a scanning tunneling microscope (STM) tip 14À16 invigorating the dream of ultimate miniaturization. Currently there is emerging interest in surface-deposited molecular magnets that bring along properties or functionalities beyond the well-established paramagnetism of metal-phthalocyanines 17, 18 and metal-porphyrins.
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Volatility is a desirable property since sublimation in ultrahigh vacuum largely avoids surface contamination. This is highly important for experiments that are sensitive to the moleculeÀsurface interaction. By far not every molecular magnet, however, survives the sublimation since the molecule needs to be thermally stable at (or, even better, beyond) the sublimation temperature. Concerning the thermal stability, molecules containing a single magnetic ion and a single covalent backbone are especially promising since they are in general less fragile than polynuclear clusters. Nevertheless, several examples of sublimable polynuclear clusters have been demonstrated in the past. 22À24 So-called single-ion magnets 25À28 (SIMs) exhibit slow magnetization relaxation and are therefore an ideal realization of nanometer-sized quantum bits or magnetic storage elements containing only one spin-bearing system. In this context the rare-earth-based SIM TbPc 2 has been investigated on different surfaces. 29À31 Very recently, the magnetic properties of the lanthanide complex Er(trensal) 32 (H 3 trensal = 2,2 0 ,2 00 -tris(salicylideneimino)-triethylamine) have been studied in the bulk crystalline phase. 33, 34 This new class of SIMs offers spectroscopic access to its ultrasharp 4fÀ4f optical transitions, which, e.g., in TbPc 2 are largely masked by strong optical transitions on the ligand. These 4fÀ4f transitions may open up intriguing pathways for optical manipulation of the magnetization and provide independent handles to study the electronic structure of isolated molecules on surfaces. The structure of the pristine Er(trensal) molecule as obtained by X-ray diffraction is shown in Figure 1 . The central Er III ion is 7-fold coordinated to the trensal ligand giving rise to a 3-fold symmetry axis through the apical nitrogen atom where the three legs are connected. The rigidity of the ligand and the absence of counterions and solvent molecules provide the necessary stability for the molecule to withstand the sublimation process as well as the interaction with the metal surface. Furthermore, the molecule exhibits a strong magnetic anisotropy with the easy axis collinear with the molecular C 3 axis. Magnetization relaxation times of a few milliseconds in an applied magnetic field of ∼1 kOe are observed in SQUID measurements on powder samples and on a single crystal of Er(trensal) at low temperatures. 33, 34 The Er(trensal) molecule represents a new class of trigonal, nonflat single-ion magnets. Moreover, the roundish-pyramidal shape of the Er(trensal) molecules results in a weaker preference for a specific adsorption geometry leading to richer adsorption properties, whereas flat molecules exhibit only a few adsorption conformations. This flexibility may open up future prospects, e.g., in controlling or switching the orientation of the magnetic easy axis by moleculeÀsurface interaction.
In this work we show, first, that Er(trensal) molecules can be sublimed and deposited onto metallic surfaces under ultrahigh vacuum conditions while they stay intact as a whole. Further, we characterize the adsorption properties and magnetic behavior of mono-and multilayers of Er(trensal) on Au(111) and on a ferromagnetic Ni thin film on Cu(100) by X-ray photoelectron spectroscopy (XPS), X-ray absorption spectroscopy (XAS), and X-ray magnetic circular dichroism (XMCD). Scanning tunneling microscopy (STM) yields information about the spatial arrangement of the molecules. Furthermore, density functional theory (DFT) calculations provide insight into the adsorption geometries of the molecule on Au and Ni surfaces and elucidate the dominant exchange path of the antiferromagnetic coupling between the SIM and the Ni surface.
RESULTS
Three different samples of Er(trensal) molecules deposited onto single crystalline metal substrates were investigated: (A) a thin film of ∼10 monolayers (MLs) of Er(trensal) on Au(111), (B) a ML on Au(111), and (C) a ML on a ferromagnetic Ni thin film 35 (∼15 monolayers of Ni) on Cu(100). Sublimation and X-ray Photoelectron Spectroscopy. Deposition was performed at a crucible temperature of 557 K, which yielded a rate of ∼0.5 MLs per minute with a source-sample distance of 10 cm. During sublimation the chamber pressure was below 3 Â 10 À9 mbar indicating the sublimation of clean material in the absence of thermal decomposition. The XPS data obtained on samples AÀC are plotted in Figure 2 clearly showing the presence of C, N, and O on the different surfaces. Er could only be observed in the XPS data of the multilayer (sample A) because of the weak 4d peak. The substrate Au 4f peaks are slightly larger in sample B compared to A (370 vs 312 kcounts peak intensity) consistent with the lower coverage. The peaks observed for C, N, and O are narrow, strongly suggesting that the Er(trensal) molecules are present in their pristine state on the surface. This is corroborated by the extracted stoichiometry presented in Table S1 (Supporting Information (SI)). The C 1s, N 1s and O 1s spectra measured on the multilayer and on the monolayer on Au(111) (samples A and B) are very similar concerning the peak energies (cf . Tables S2 and S3 (SI)) suggesting that the molecules are only weakly interacting with the Au(111) surface. On all samples, the split C 1s signal can be attributed to the different ARTICLE chemical environments of the C atoms in the Er-(trensal) molecule. Here, the peak at higher energies (E = 285.85 eV in samples A and B) can be assigned to the C atoms that are bound to electron-withdrawing O or N, whereas the lower-energy peak (E = 284.3 eV in samples A and B) stems from the remaining C atoms. 36 Concerning the N 1s spectra, the observed signature on sample A is consistent with the presence of three nitrogen peaks. The two peaks at 398.7 and 399.8 eV can be attributed to the N atoms bonded to two or three C atoms, respectively, with the intensity ratio of 3:1 consistent with the molecular structure. The feature at 402.6 eV can be assigned to an electron emission combined with an excitation ("shake-up") of the ligand, which sets in at energies larger than 3 eV. 32 The O 1s spectrum can be fitted with a single peak (E = 530.6 and 530.5 eV in samples A and B, respectively). On the Ni surface (sample C) peak shifts with respect to the other samples are observed indicating chemisorption of the molecules, i.e., the covalent-bond formation between substrate and molecules. Chemisorption on Ni is not unexpected on the basis of earlier studies on metal phthalocyanines and porphyrins 37À39 and is in line with the findings from DFT calculations, which will be presented below. X-ray Absorption Spectroscopy and Magnetic Circular Dichroism. XAS and XMCD data of samples AÀC measured at the Er M 4,5 edge are shown in Figure 3 . The absorption spectra exhibit the characteristic triple-peak structure corresponding to the ΔJ = 0, ( 1 
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shown in Figure 3c and in the inset. Our measurements do not discriminate between X-ray natural linear dichroism (XNLD) and X-ray magnetic linear dichroism (XMLD), which result from the structure-induced and magneticfield induced orientation of the Er 4f orbitals, respectively. Nevertheless, our observation of the linear dichroism, independent of whether it is XNLD or XMLD or both, indicates a preferred orientation of the molecules on the Ni surface. The XMCD reveals that the out-of-plane magnetization of the molecules is stronger than the in-plane magnetization at the same applied field of À6 T. A sum rule analysis 41, 42 was performed in order to extract the absolute values of the spin and orbital magnetic moments. The number of holes was taken to be n h = 3 consistent with the 4f 11 configuration of Er III , and AET z ae was calculated using the analytical formula given in ref 41 . The results are summarized in Table 1 with the estimated experimental errors given in parentheses. For all samples, the AEL z ae/AES z ae ratio is lower than, but close to, the value of 6/1.5 = 4 expected from Hund's rules.
The Er magnetic moments found on samples A and B correspond to approximately half of the saturation magnetization of 9 μ B expected for an isotropic paramagnet with J = 15/2 and the Er III Landé g-factor g J = 6/5. This finding, together with the absence of linear dichroism in samples A and B, can be rationalized by a random orientation of the molecules in these samples, while their magnetic anisotropy is still present. This interpretation is further supported by the magnetization curves displayed in Figure 4 . They exhibit the typical S shape of a paramagnet. Sample A exhibits a slightly more shallow curve than sample B, which indicates a somewhat higher sample temperature during the experiment (cf. Experimental Section). Our spin-Hamiltonian simulations of an isotropically oriented powder of Er(trensal) using the magnetic anisotropy determined on bulk samples (see below) agree well with the experiment and confirm this picture. Sample C exhibits a remarkably different case. The X-ray spectra measured in large magnetic field ( Figure 3 ) indicate a sizable Er magnetic moment, which is aligned parallel to the external field. However, in the vicinity of 0 T the Er magnetization is antiparallel, and it displays an abrupt jump according to the switching of the Ni thin film. Although the Ni film displays a small hysteresis opening, 35 it is not resolved in our measurements because of the scanning step size of ΔH = 1 kOe. The fielddependent XMCD obtained at the Ni L 3 edge is given in the SI. The zero-field signature in the Er magnetization curve suggests the presence of a weak antiferromagnetic coupling between the molecules and the Ni film, which is broken already by a small applied field. The antiparallel orientation of Er and Ni magnetic moments without an applied magnetic field is also confirmed by XMCD spectra obtained in remanence ( Figure 5 ) as well as by DFT-(GGAþU) calculations as described later in the text. In order to obtain a quantitative understanding we have performed fits of different models to the experimental M(H) curves. The Hamiltonian describing the ligand-field induced zero-field splitting of the Er-(trensal) molecules plus a Zeeman term reads ARTICLE multiplets can be safely neglected because their contribution to the magnetism studied here is negligible. 33 TheÔ k q are extended Stevens operators with coefficients B k q describing the zero-field splitting induced by the ligand field with parameters obtained from bulk samples in ref 33 . As can be seen in Figure 4 the M(H) curves of samples A and B can be fitted perfectly by assuming a powder sample with the same anisotropy as in the bulk. Note that in these calculations the sample temperature was adjusted to take into account different thermal conductivities arising from different mountings of samples A and B on in situ sample holders. It was impossible to fit the M(H) curve of sample C with eq 1 even after including the ErÀNi exchange interaction by an empirical exchange field H ex (see below). Also, taking into account in-plane or out-of-plane oriented molecules with anisotropy identical to the bulk did not lead to an acceptable reproduction of the experimental data. Therefore, we had to give up the primary assumption of the molecules preserving their bulk magnetic properties on Ni. In consequence we employed a more simplified description only considering the ground-state Kramers doublet of the Er III ion given bŷ
where τ is the pseudospin-1/2 operator and g is the diagonal tensor with g x , g y , and g z the perpendicular and longitudinal g-factors. 43 The coupling to the Ni substrate is taken into account via an exchange field H ex . Further, sgn is the sign function and e θ = (sin θ, 0, cos θ). For simplicity H ex is assumed to be oriented always parallel to the external magnetic field, at an angle θ off the sample normal (the z direction). A fit to the data using eq 2 yields the best-fit parameters g x = g y = 8(1), g z = 11.7(8) and H 0,ex = À4(1) kOe; hence, the magnetic moleculeÀsurface coupling is antiferromagnetic. Here, less anisotropy is observed than found in a previous SQUID study of single-crystalline Er(trensal) where the pseudospin-1/2 model gave g x = g y = 4.3, g z =12.6. 33 From the average g av = (g x þ g y þ g z )/3 = 9.2 the exchange energy, i.e., the energy difference between antiparallel and parallel orientations of the Er magnetic moment with respect to the Ni magnetization, can be determined to be E ex = g av μ 0 μ B H 0,ex = 0.21 meV (1.7 cm
À1
). DFT calculations presented below consistently reproduce the antiferromagnetic nature of the exchange coupling. The calculated magnitude of the exchange coupling constant is j DFT = À87.88 cm À1 , giving rise to an exchange energy of E ex,DFT = 43.6 meV. Though this is quite a bit higher than the experimental observation, it is, however, not unexpected in view of existing shortcomings of DFT and the employed simplified Heisenberg spin-interaction picture between two localized spins on Er and on a Ni-atom on the surface. The exchange interaction was extracted from DFT calculations applying Noodleman's spin-projected broken-symmetry (BS) method. 44, 45 The value for j DFT quoted above is obtained by considering only the spin contribution S Er = 3/2 of Er III . If the total Er angular momentum of J = L þ S = 15/2 is used, the smaller value of j DFT = À5.5 cm À1 is found.
The experimentally observed exchange energy of Er(trensal) is 1 order of magnitude smaller than the exchange energy found in TbPc 2 double deckers deposited on the same ferromagnetic out-of-plane Ni/ Cu(100) substrate 31 and almost 2 orders of magnitude smaller than the exchange energy obtained for Feporphyrins on the same type of substrate (17 meV). 46 In a very recent study on Gd 3 N@C 80 endofullerenes, also on Ni/Cu(100), the coexistence of antiferromagnetically and ferromagnetically coupled species was found with coupling strengths j in the order of a few meV 47 giving an estimated exchange energy of E ex = 10À 40 meV. These observations follow the trend that the magnetic exchange coupling between 3d and 4f magnetic moments is weaker than the 3dÀ3d coupling because of the localized nature of the 4f shell. This is also reflected in bulk measurements on polynuclear 3dÀ4f compounds. 48, 49 The lower exchange energy in the present study compared to the studies of TbPc 2 and Gd 3 N@C 80 mentioned before is perfectly consistent with the longer exchange coupling path in Er(trensal)/Ni/Cu(100) (see below). Density Functional Theory Calculations. DFTþU calculations have been performed to obtain insight into the interactions between the Er(trensal) molecule and the Au(111) and Ni/Cu(100) surfaces. First, we performed molecular geometry optimizations placing the Er-(trensal) molecules on three-layer slabs of Au and Ni, respectively. All geometry optimizations were performed by fully relaxing all degrees of freedom except for those of the atoms in the bottom substrate layer. We performed the calculations in three ways: First, the Er(trensal) molecules were placed on the surfaces with the C 3 axis normal and the tripod pointing down to the surface. Second, we performed BornÀOppenheimer ARTICLE ab initio molecular dynamics (AIMD) simulations applying a simulated annealing algorithm to sample the space of reachable configurations and thereby to obtain globally optimized configurations. For this purpose, the sample was initially heated to 500 K, and gradually the temperature was decreased to 90 K. The AIMD simulations revealed a continuous movement of the Er(trensal) molecules on the surface. Several configurations from the AIMD trajectory were chosen, and the molecular geometry was again optimized for each of these. Third and last, we created two additional configurations that were not accessible in this AIMD trajectory called "tilted" and "top down" and optimized their positions. All optimized geometries are depicted and the corresponding adsorption energies are given in Figure S5 (SI). Our calculations reveal that the adsorption energies of all conformations differ by less than ∼0.5 eV; i.e., there is only very weak energetic preference for any of the specific configurations. Furthermore, there is no overlap of electron density between the Er(trensal) molecule and the Au substrate atoms. Hence, only noncovalent interactions, such as static dipolar interactions, play a role here. Altogether, our calculations show that the Er(trensal) molecules are physisorbed onto, or very weakly bound to, the Au(111) surface.
Conversely, on Ni our calculations reveal chemisorption, or a clear chemical interaction between the Er(trensal) and the surface Ni atoms. The most favorable configuration obtained from geometry optimization is shown in Figure 6 . We found that the "tilted" configuration is the energetically most favorable configuration with an adsorption energy of E tilted = À6.22 eV. In this configuration one of the benzene rings becomes quasiparallel to the substrate, which maximizes p π Àd π interactions between the Er(trensal) molecule and the Ni surface. This is also consistent with an increase of CÀC bond lengths of the adsorbed benzene rings by 0.05 Å as compared to the other two bare benzene rings. Further, two other configurations (cf. Figure S6 (SI)) are found, with significantly weaker adsorption energies of E top-up = À4.51 eV and E top-down = À1.28 eV.
To understand the mechanism and pathway of the moleculeÀsurface exchange interaction we have plotted the electron and spin density for the most stable, tilted, geometry ( Figure 6 ). The 4f spin of Er III is antiferromagnetically coupled to that of the Ni surface, as observed in the XMCD experiments. The projected spin magnetic moment located on the Er III ion is computed to be À2.72 μ B , which mainly arises from the three unpaired electrons in the localized 4f orbitals of Er. Because of Hund's rules and because of the very strong spinÀorbit coupling (ζ ∼ 2400 cm À1 ) dominating over typical Zeeman energies the orbital magnetic moment is always parallel to that of the spin. A small amount of delocalized spin-down density, induced by the 4f spin, is found on the oxygen atoms. In the moleculeÀsubstrate interface region, the spin density is even smaller. The antiparallel spin of Er(trensal) on Ni/Cu(100) is hence driven by an indirect exchange coupling, which occurs through the chemical bonds. This is similar to the cases reported in refs 31, 37, 46, and 47, where exchange coupling is mediated by nonmagnetic O, N atoms or the carbon cage, respectively. Likewise, in the present study a large chemical species is involved in mediating the antiferromagnetic exchange, but in addition the exchange pathway is longer since it involves more than one nonmagnetic atom. The exchange interaction occurs through the ligand O atom bridging to the chemisorbed benzene ring. Further, it appears that the N atoms play a minor role in mediating the magnetic exchange. The spindown density on the bridging O atom indicates that antiferromagnetic superexchange is the dominating exchange mechanism (cf. Figure 6b) .
Scanning Tunneling Microscopy. STM images obtained at room temperature on Ni/Cu(100) and at 130 K on Au(111) are shown in Figure 7 . The Er(trensal) molecules appear as roundish protrusions with a lateral size of ∼1.2 nm fwhm, consistent with their structure determined by X-ray diffraction. In STM they appear without any visible internal structure. This is in contrast to a previous study where a functionalized Ga(trensal) complex with a more extended tripod structure was showing a "duck-foot" pattern. 50 On both Au and Ni substrates the molecules exhibit a uniform shape, except for some small details discussed below, confirming that the molecules are indeed intact on the surface. On the Ni surface the molecules are randomly distributed even at room temperature. Zoom-in images with drawn-in contour lines ( Figure S8 (SI)) show that the molecules appear to be not perfectly round but slightly distorted. Since the distortion is observed in different directions in the same image, a scanning or tip induced artifact can be excluded. This suggests that the molecules indeed adsorb in the tilted geometry in agreement with the prediction by the DFT calculations described above. The small off-center distortion is consistent with the molecules being Figure 6 . Calculated isosurfaces for the most-stable tilt geometry of electron density (left) and spin density (right) plotted at isovalues 0.001 a.u. Color code for (right): magenta and yellow correspond to spin-up and spin-down density, respectively. The occurrence of both spin-up and spin-down density on the oxygen atom bridging to the substrate-bonded benzene ring indicates antiferromagnetic superexchange interaction.
ARTICLE rotated at random angles around the surface normal. The STM observations give strong support to the findings from XPS data and to the DFT calculations, which suggest that the molecules are chemisorbed. Also, this observation agrees well with the chemisorption observed for several metal-porphyrins on Co and Ni thin films. 37 On Au(111), imaging was only successful at 130 K. At room temperature, it was impossible to obtain stable imaging conditions because of frequent spikes in the tunnel current, which are most likely due to thermal motion or the movement of molecules by the STM tip. These observations are consistent with the physisorption of the molecules as found from the XPS and DFT evidence. However, it needs to be noted that the diffusion barrier is generally not indicative for the adsorption strength. The molecular arrangement exhibits some degree of local order between nearest neighbors (cf. inset of Figure 7d with the 2D Fourier transform). Since in the monolayer regime the formation of ordered patterns is determined by the subtle balance between moleculeÀsubstrate and moleculeÀ molecule interactions as well as by the corrugation of the substrate surface, 21,37 the adsorption behavior of the Er(trensal) molecules observed here is not unexpected. Moreover, given the roundish shape of the molecules the observed quasiordering on Au can, but does not have to, be related to a preferential orientation.
DISCUSSION
The magnetic response of the molecules on Au can be reproduced by the bulk ligand-field parameters of Er(trensal); however, this is not possible for the Ni surface, even when assuming molecules adsorbed with a nonzero angle between the surface normal and their magnetic easy axes. This observation indicates a substrate-induced modification of magnetic properties on the Ni surface. Adsorption-induced structural changes of molecules have been previously observed in TCNQ/Cu systems. 51, 52 Further, the adsorption-induced change of the magnetic anisotropy from easy-plane to easy-axis type has been observed in single Fe(II)-phthalocyanine molecules attached to an oxidized Cu(110) surface. 53 In this light, and given the results found in ref 33 , where subtle structural modifications in Er(trensal) derivatives lead to dramatic changes in the magnetic properties, it is reasonable to assume that the observed magnetic behavior of sample C results from adsorption-induced structural distortions of the molecules on the Ni surface.
No hysteresis is observed in the XMCD measurements on all samples AÀC. The absence of the Ni hysteresis in our data on sample C has already been discussed earlier in the text. Regarding the molecules themselves, no intrinsic hysteresis is expected either in view of the subsecond magnetization lifetimes, i.e., ground-state lifetimes observed in the previous SQUID studies. 33, 34 At low temperatures T < 3 K in the absence of a magnetic field the magnetization relaxation in Er(trensal) is dominated by quantum tunneling of magnetization (QTM). 33, 34 QTM becomes very inefficient upon the application of a small magnetic field, which may also be the effective magnetic field resulting from exchange coupling, as it was previously demonstrated in a bulk measurement. 54 Hence our results suggest that the ErÀNi exchange coupling can act as a means to suppress QTM and thus to stabilize the magnetic moment of the Er(trensal) molecules on the ferromagnetic surface, albeit the ideal conditions for the suppression as extracted from bulk studies (T < 3 K, H ∼ 1 kOe) are almost, but not exactly met in this study. This is true while assuming that other, surfacerelated, mechanisms of magnetization relaxation are irrelevant.
The nonflat molecular structure leads to a significant spatial separation between the Er III ion and the metal surface. This will result in a substantial decoupling of the localized 4f magnetic moment from the conductionband electrons of the metal which, otherwise, could increase the magnetization relaxation rate over that of the bulk molecules by spin-flip scattering processes. Hence, the use of nonflat SIMs to realize single isolated magnetic computing or storage elements represents a promising alternative to decoupling-layer 55 or symmetrybased 56 approaches.
CONCLUSIONS
We have studied monolayers of the single-ion magnet Er(trensal) deposited on Au(111) and on a Ni thin 
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film on Cu(100) by XPS, XAS, XMCD, and STM experiments as well as by DFTþU calculations. On Au(111), the molecules are weakly bound and exhibit random orientations of their magnetic easy axes and no significant changes of the magnetic behavior compared to bulk powder samples are detected. In contrast, XPS data for the molecules on Ni/Cu(100) suggest covalent bond formation between the molecules and the Ni surface. This observation is further supported by STM observations and DFT calculations. XMCD reveals that at zero magnetic field the Er magnetic moment is antiparallel to that of the Ni film; i.e., the molecules are antiferromagnetically coupled to the substrate. Consistently, DFTþU calculations suggest that antiferromagnetic superexchange is the dominant coupling mechanism. The experimentally obtained exchange energy of E ex = 0.21 meV is at least 1 order of magnitude smaller than reported in other studies of magnetically coupled moleculeÀsubstrate systems, consistent with the longer magnetic exchange path via the benzene ring and the oxygen atom. The anisotropic magnetic response of the molecules at large field indicates that they have a preferential orientation on Ni. The magnetic response cannot be modeled using the bulk anisotropy parameters of the molecules together with an empirical exchange field, which points to an adsorption-induced structural distortion of the molecules. DFT calculations suggest that in the most stable configuration one of the benzene rings is parallel to the Ni surface consistent with a slightly asymmetric shape of the molecules in the STM observations. Our results suggest that the magnetic moment of the Er(trensal) molecules can be stabilized via suppression of quantum tunneling of magnetization due to the weak ErÀNi magnetic exchange coupling. Furthermore, this study paves the way for the optical investigation, addressing and control of large single magnetic moments on surfaces realized in Er(trensal) SIMs.
METHODS

Synthesis of Er(trensal).
The bulk sample was prepared by a modification of the procedure described by Kanesato and Yokoyama 57 as outlined in ref 33 . All starting materials were purchased from commercial sources and employed without further purification. The phase purity of the employed samples was checked by X-ray powder diffraction and elemental analysis.
Substrate Preparation and Molecule Sublimation. The Au(111) and Cu(100) single crystalline substrates were prepared by several cycles of Ar þ sputtering and annealing in a UHV system with a base pressure of 2 Â 10 À10 mbar, equipped with XPS and STM. Er(trensal) was deposited from a Knudsen cell, and the sublimation rate was measured using a quartz crystal balance. The characterization of the Ni/Cu(100) film by STM, XPS and XAS/XMCD is reported in the Supporting Information.
X-ray Absorption Spectroscopy. The X-ray absorption measurements were carried out at the X-Treme beamline 58 of the Swiss Light Source. Prior to the XAS measurements, the coverage with molecules was checked by XPS. Samples were then transported from the XPS/STM system to the XAS chamber without breaking the vacuum by use of a vacuum suitcase. Absorption spectra were acquired in on-the-fly mode. 59 The full set of angle-and polarization-dependent spectra normalized to the pre-edge absorption is given in the Supporting Information. Field-dependent magnetization M(H) was obtained by taking the difference of the absorption on the M 5 edge and the preedge. The curves were then scaled according to the total magnetic moment found from sum rules. The two Au(111) crystals used for samples A and B were mounted in a stainless steel cup (A) or directly (B) on stainless steel plates, while sample C was mounted on a tantalum plate. For this reason the lowest temperature of 4 K could only be reached for sample C. The temperatures of samples A and B were obtained as the only free parameter from model eq 1.
X-ray Photoelectron Spectroscopy. XPS measurements were carried out in the XPS/STM chamber mentioned before. The energy of the incident X-rays used in the XPS measurements was 1487.61 eV (Al KR with monochromator). The instrumental setup in combination with the used lens mode and pass energy (20 eV) gives a resolution of 0.8 eV (full width at half-maximum). The energy calibration was performed using an Ar þ sputtered Au reference, setting 84.0 eV at the Au 4f 7/2 peak.
Scanning Tunneling Microscopy. Images were taken in the XPS/ STM chamber in constant-current mode at room temperature and at 130 K with a commercial (SPECS Aarhus 150) STM. Electrochemically etched and in situ sputtered W tips were used.
Spin-Hamiltonian Calculations. Calculations were performed using a home-written MATLAB code. The magnetization was obtained by full diagonalization of the Hamiltonians given in the text and application of thermal statistics. Directional averaging was performed by employing a LebedevÀLaikov grid. 60 The matrix representations of the extended Stevens operators were generated using the stev function from the EasySpin software package. 61 Density Functional Theory Calculations. To perform the DFT calculations on the metallic film we have constructed a simulation cell consisting of three atomic layers using 8 Â 8 repetitions of the Au or Ni unit cells. Hence each layer contains 64 Au/Ni atoms. The lattice parameters were obtained from experimentally reported values of 4.08 Å for Au. The issue of optimizing the lattice parameters for Au was discussed previously; it was noted that, depending on the computational functional, the optimized lattice constant of Au varies from 4.06 (LDA), 4.15 (PW91) to 4.24 Å (BLYP).
62À64 However, as differences between bulk lattice parameters and those of reconstructed surfaces are expected, we opted here for the experimental value. Similarly for Ni the considered lattice parameter is 3.52 Å. Previous DFT investigations 38, 39 of moleculeÀsurface interactions have shown that the metallic surface is well described by three atomic layers, in particular with a sufficiently large k-mesh.
The DFT calculations have been performed applying the generalized gradient approximation (GGA) for the initial geometry optimizations and the GGAþU approach for magnetic states calculations. In the latter case the on-site Coulomb correlations are taken into account only for the Er electrons. The U and J on on-site values were chosen as 6.0 and 1.0 eV, respectively, on the 5d states of Er to prevent their spurious fractional occupations. This occurs due to the self-interaction error present in DFT functionals. The applied U and J on on-site values are in the commonly accepted range for 4f elements. 66 The full-potential plane-wave code VASP has been used for the calculations in the present work, applying pseudopotentials within the projector augmented wave method. 67À69 The applied kinetic energy cutoff for the plane wave is 400 eV, and the chosen parametrization of the GGA exchange-correlation functional is PBE. 70 For the reciprocal space sampling 1 Â 1 Â 1 as well as 2 Â 2 Â 2 Monkhorst-Pack k-point mesh were used. Supporting Information Available: Stoichiometry from XPS, polarization-dependent XAS and XMCD spectra on samples AÀC, DFT-optimized geometries of Er(trensal) on Au(111) and on Ni/Cu(100), zoom of STM images of Er(trensal) on Ni/Cu(100), XAS and STM characterization of the Ni/Cu(100) thin film. This material is available free of charge via the Internet at http:// pubs.acs.org.
